Infectious entry of hepatitis B viruses (HBV) has nonconventional facets. Here we analyzed whether a cell-permeable peptide [translocation motif (TLM)] identified within the surface protein of human HBV is a general feature of all hepadnaviruses and plays a role in the viral life cycle. Surface proteins of all hepadnaviruses contain conserved functional TLMs. Genetic inactivation of the duck HBV TLMs does not interfere with viral morphogenesis; however, these mutants are noninfectious. TLM mutant viruses bind to cells and are taken up into the endosomal compartment, but they cannot escape from endosomes. Processing of surface protein by endosomal proteases induces their exposure on the virus surface. This unmasking of TLMs mediates translocation of viral particles across the endosomal membrane into the cytosol, a prerequisite for productive infection. The ability of unmasked TLMs to translocate processed HBV particles across cellular membranes was shown by confocal immunofluorescence microscopy and by infection of nonpermissive cell lines with HBV processed in vitro with endosomal lysate. Based on these data, we propose an infectious entry mechanism unique for hepadnaviruses that involves virus internalization by receptor-mediated endocytosis followed by processing of surface protein in endosomes. This processing activates the function of TLMs that are essential for viral particle translocation through the endosomal membrane into the cytosol and productive infection.
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cell permeability ͉ envelope protein ͉ virus entry I nfection with human hepatitis B virus (HBV) can cause acute or chronic inflammation of the liver (1, 2) . HBV is the prototype member of the hepadnaviridae family, which encompasses members infecting woodchucks, ground squirrels, and avian viruses isolated from, e.g., pekin ducks, gray herons, and storks.
Duck HBV (DHBV) is a well characterized model system of hepadnaviral infection (3) . Cultures of primary duck hepatocytes (PDHs) can be readily established and efficiently infected (3, 4) and therefore provide a suitable tool for analyzing the early steps of hepadnaviral infection on the molecular level. As for HBV (5-7), it is known that DHBV infection is initiated by attachment of the virus particle to the hepatocyte surface via the pre-S domain of the viral surface protein L (8, 9) . In DHBV there are two surface proteins embedded in the lipid envelope: The major S protein, a transmembrane protein that encompasses 167 aa, and the L protein, consisting of the S domain N-terminally extended by the 160-aa pre-S domain. Previous work suggested that DHBV enters the cell by receptor-mediated endocytosis (10) (11) (12) (13) . The mechanism that allows internalized viral particles to escape from the endocytic pathway remained elusive.
Recently, a cell-permeable peptide [translocation motif (TLM)] was identified in the pre-S domain of HBV (14) . The TLM is a 12-aa-encompassing domain that forms an amphipathic ␣-helix. It mediates an energy-and receptor-independent transfer of peptides, nucleic acids, and proteins when fused to them across membranes without affecting their integrity (14-16).
Because the membrane translocation function of the TLM is highly conserved among all hepadnaviridae tested we investigated whether the TLM function is of relevance for the viral life cycle.
Results
The Pre-S Domain of Hepadnaviruses Harbors a Cell PermeabilityMediating Domain. Detailed analysis revealed that cell permeability mediated by TLMs does not depend on an unique amino acid sequence but on the capacity to form an ␣-helix with an amphipathic structure. A homology search for potential TLMs in the pre-S domain of the surface proteins of various hepadnaviridae predicted the existence of TLMs in the pre-S domain of all hepadnaviridae (14) . In the case of DHBV, the existence of two independent translocation motifs within the pre-S domain is predicted (Fig. 6A , which is published as supporting information on the PNAS web site).
To analyze the potential of these predicted motifs to act as cell-permeable peptides, recombinant fusion proteins with eGFP were engineered. Immunoblot analysis was performed with a GFP-specific antiserum and the cytosolic fraction derived from HepG2 cells grown in medium containing these various purified TLM fusion proteins. The blot revealed comparable amounts of the TLM fusion proteins within the cytosolic fractions, whereas, in the case of cells grown in the presence of WT eGFP, no eGFP-specific protein was detectable (Fig. 6B) . Mutation of TLMs prevented translocation of the fusion proteins into the cytosol (Fig. 6C ). These data indicate that the predicted TLMs from the hepadnaviridae members analyzed display similar cell permeability when compared with the previously identified HBV-TLM.
Functionality of the TLMs Is Dispensable for DHBV Secretion. The finding that the membrane translocation function of TLMs is highly conserved throughout hepadnaviridae evolution is suggestive for a crucial role in the viral life cycle. To study this observation, mutated 1.2 DHBV genomes were generated coding for pre-S͞S proteins lacking a functional TLM1 (amino acids 20-31) (DHBVD1), a functional TLM2 (amino acids 42-53) (DHBVD2), or both TLMs (DHBVD1͞2) without impairing functionality of the polymerase. Transfection of LMH cells with these constructs, followed by cesium chloride centrifugation of the culture supernatants and subsequent quantification of the viral particles by dot blot analysis, revealed reduced amounts of secreted viral particles in the supernatant of DHBVD1-transfected cells as compared with that of WT virus (Fig. 7A , which is published as supporting information on the PNAS web site). In contrast, mutants DHBVD2 and DHBVD1͞2 secreted similar amounts of viral particles as the WT virus. Therefore, the observed phenotype of DHBVD1 cannot be due to the TLM deficiency but must have another reason (see below). Comparable amounts of replicative intermediates in LMH cells transfected with WT DHBV, DHBVD2, or DHBVD1͞2 and a reduced amount in the case of DHBVD1 detected by Southern blotting (Fig. 7B ) corroborates this conclusion. Because none of the TLM mutations introduced alter the viral polymerase protein sequence, an effect of the D1 mutation on a regulatory element in pregenomic RNA encapsidation, in transcription or on the posttranscriptional level, are the most likely explanations for its reduced replication efficiency. Taken together, these results indicate that TLM functionality is dispensable for viral morphogenesis.
Integrity of the TLM Is Crucial for DHBV Infectivity.
To analyze the relevance of the TLMs for the infection process, PDHs were infected at a multiplicity of genome equivalents (MGE) per cell of 100 with WT DHBV and the mutants DHBVD2 or DH-BVD1͞2. Because of the observed TLM-independent reduction in the replication efficiency of DHBVD1, it was excluded from these assays. The productivity of infection was analyzed 4 days after inoculation. Immunofluorescence staining of the PDHs using surface protein-specific antiserum KpnI (17) , which recognizes the mutant proteins (data not shown), revealed de novo synthesis of surface proteins indicative for productive infection only in PDHs infected with WT virus. The TLM-deficient mutants DHBVD2 and DHBVD1͞2 failed to infect PDHs ( Fig.  1 A) . This finding was confirmed by core protein-specific immunoblot analysis of cellular lysates from WT-, DHBVD2-, or DHBVD1͞2-infected cells (Fig. 1B) . In contrast to WT-infected cells, cells infected with DHBD1͞2 or DHBVD2 showed no de novo synthesis of core protein. Furthermore, only in cells infected with WT DHBV, but not in cells infected with DH-BVD2 or DHBVD1͞2, replicative intermediates were found by Southern blot analysis (Fig. 1C) . Moreover, covalently closed circular DNA (cccDNA) was detected only in PDHs infected with WT DHBV (Fig. 1D ) when analyzed 5 days after infection by cccDNA-selective PCR. These data show that destruction of the TLMs abolishes DHBV infectivity.
TLMs Are Dispensable for Attachment and Entry of Viral Particles to and into PDHs. To control whether the defect in infectivity of TLM mutant viruses is due to reduced binding to PDHs, attachment assays were performed. After inoculation cells were incubated for 2 h at 4°C (viral binding occurs, and internalization is blocked). Then the amount of viral particles attached to the cell was determined by semiquantitative PCR and immunoblotting. Similar amounts of WT DHBV and the mutant viral particles were found to be attached to the cell surface (Fig. 8A Upper Left, which is published as supporting information on the PNAS web site).
A PCR-based analysis of the amount of viral particles that have entered the cells after 3 h revealed similar amounts of intracellular virus in cells inoculated with WT virus and the TLM-deficient viruses ( Fig. 8A Lower Left) . These data collectively show that the loss of infectivity of TLM mutant viruses is due to neither an impaired attachment nor inhibition of virus entry, but to a post entry block.
TLM Integrity Is Essential for DHBV to Escape from the Endosome.
Recent work suggests that DHBV is internalized by receptormediated endocytosis (10) (11) (12) 18) . Based on these data we hypothesized that TLM deficiency might result in retention of the virus within the endosomal compartment. To investigate this possibility experimentally, we isolated endosomal and cytosolic fractions from infected PDHs 10 h after infection. The subcellular fractions were adjusted to identical protein concentrations, and the amount of DHBV-specific DNA in the endosomal and in the cytosolic compartments was quantified by TaqMan PCR. This study revealed similar amounts of DHBV DNA in the endosomal fraction derived from DHBVD1-, DHBVD2-, and DHBVD1͞2-infected cells and a smaller amount in the case of WT DHBV-infected cells. However, in the cytosolic fraction, a significant number of viral genomes was detected only in the case of WT DHBV-infected cells but not in the cytosol from PDHs infected with the mutants (Fig. 2) . These results indicate that endosomal escape of internalized viral particles requires proper function of the TLM.
Cleavage of Hepatitis B Virus Surface Antigen (HBsAg) by Endosomal
Proteases Results in Surface Exposure of the TLM. The data described above raise the question of why TLMs enable translocation of viral particles across the endosomal membrane but not across the plasma membrane. It can be hypothesized that the TLMs are masked in progeny viral particles, ensuring the hepadnaviral specificity for hepatocytes. After receptor-mediated endocytosis, an unmasking of the TLMs may occur in the endosomal compartment that exposes the TLMs on the surface of the virus particle. Once unmasked, the TLMs allow efficient escape of the viral particles from the endosome.
To verify this hypothesis, accessibility of the TLMs was analyzed by immunoprecipitation of HBV particles with an HBV-TLM-specific antiserum and an HBsAg-specific serum used as a positive control. The precipitates were analyzed for the presence of HBV particles by using a hepatitis B virus core antigen (HBcAg)-specific antiserum. Western blot analysis re- vealed that native HBV particles could not be precipitated by the TLM-specific serum (Fig. 3, lane 2) . However, if HBV particles were incubated with endosomal lysate and then subjected to immunoprecipitation by using the TLM-specific antiserum, a significant amount of virus was precipitated (Fig. 3, lane 8 ). This result demonstrates that an unmasking step must have occurred exposing the TLM on the viral particle surface and conferring accessibility for the TLM-specific serum. To analyze whether the acidic environment of the endosome is sufficient to induce unmasking of the TLM, the viral particles were incubated for 30 min at pH 5.0 (Fig. 3, lanes 4 and 6) . The Western blot of the precipitates shows that acidification alone is not sufficient to unmask the TLM. When a protease inhibitor mixture was added to the endosomal lysate, no subsequent precipitation of viral particles by the TLM-specific antiserum was detected (data not shown). Western blot analysis of viral particles that were incubated with endosomal lysate in vitro confirmed proteolytic processing of viral particles in the endosome (Fig. 9A , which is published as supporting information on the PNAS web site). We concluded from these data that the TLM is not exposed on the surface of mature viral particles. A proteolytic activity in the endosomal compartment is crucial for unmasking the TLM on the viral particle surface.
Processing of HBV Particles by Endosomal Lysate Enables Infection of
Nonpermissive Cells. The resulting question is whether surfaceexposed TLMs indeed allow translocation of the processed particle across membranes. HBV particles with unmasked TLMs should be able to translocate across the plasma membrane and to establish infection in Huh7 cells. These cells normally cannot be efficiently infected by HBV.
To test this hypothesis purified HBV particles were pretreated for 60 min with endosomal lysate from HepG2 cells. These processed viral particles were then used to infect Huh7 cells with a MGE of 10 2 to 10 3 . As a control, cells were infected with a comparable MGE of unprocessed viral particles. Three days after infection de novo synthesis of HBsAg and HBcAg was analyzed by immunofluorescence microscopy by using an HBsAg-specific antiserum (Fig. 4A , red fluorescence) or an HBcAg-specific antiserum (Fig. 4A , blue fluorescence). The immunofluorescence staining revealed no infected cells in cultures incubated with unprocessed virus whereas up to 40% of cells were stained after incubation with processed viral particles. Similar results were obtained when DHBV particles were processed by endosomal lysate from LMH cells and used for successful infection of LMH cells (Fig. 4B) . These cells are resistant to infection with authentic DHBV. Furthermore, infectivity was abolished by addition of a protease inhibitor mixture to the endosomal lysate (Fig. 4B) . Processing of TLM-deficient mutants DH-BVD2 and DHBVD1͞2 by endosomal lysate failed to establish an ''infection'' in LMH cells (Fig. 4B) . The results of these immunostaining assays were confirmed and extended by analysis of the cell culture supernatants for viral progeny DNA at different times after inoculation by PCR (Fig. 9B ). These data demonstrate the ability of unmasked TLMs to mediate translocation of processed viral particles across membranes.
Previous experiments had shown that the TLM functions as a cell-permeable and not a fusogenic peptide, which means that peptides or proteins fused to the TLM are translocated across the membrane into the cytoplasm. To analyze whether the TLM enables the translocation of processed viral particles across the plasma membrane into the cytoplasm, 293 cells were incubated with processed WT HBV, processed TLM-deficient HBV, and unprocessed virus. If a fusogenic step is the acting mechanism, then surface proteins should be enriched in the membrane. However, if cell permeability is enhanced because of membrane translocation, then a prominent cytoplasmic staining should be observed. The confocal fluorescence microscopy shows that cells incubated with endosomally processed WT HBV particles exhibit strong cytoplasmic staining for viral envelope protein (Fig.  9C) . These data imply that translocation across the membrane indeed occurs and results in delivery of HBsAg to the cytosol. We conclude from these data that after receptor-mediated endocytosis incoming viral particles are processed in the endosome. This processing leads to exposure of the TLMs on the particle surface, a crucial step for endosomal escape across the membrane into the cytosol (Fig. 5) .
Discussion
Published work suggested that hepadnaviral infection relies on an endocytic process (10) (11) (12) 18) , and the presence of enveloped viral particles in purified endosomal fractions at an early stage of infection was very recently visualized by electron microscopy (unpublished data). However, the mechanisms allowing escape of the virus and the viral nucleocapsid from the endocytotic 1, 3, 5, and 7) . The precipitated material was immunoblotted by using an HBcAg-specific antiserum. In lanes 1 and 2 precipitates of untreated HBV particles were loaded using an HBsAg-specific serum or a TLM-specific serum. Purified HBV particles were incubated for 30 min at pH 5.0 and immunoprecipitated by using an HBV-TLM-specific antiserum (lane 4) and an HBsAg-specific serum (lane 3). Purified HBV particles were incubated for 30 min at pH 5.0, then by addition of 10ϫ PBS the pH was shifted to Ϸ7. Afterward, immunoprecipitation was performed by using an HBV-TLM-specific antiserum (lane 6) and an HBsAg-specific serum (lane 5). Purified HBV particles were incubated for 30 min at pH 5.0 in endosomal lysate from HepG2 cells and immunoprecipitated by using an HBV-TLM-specific antiserum (lane 8) and an HBsAg-specific serum (lane 7). Recombinant HBcAg (lane 9) served as positive control.
pathway are unknown. Here we show that integrity of the TLM is a crucial prerequisite for infectivity of hepadnaviruses. Functional impairment of the TLM results in a block of the infectious process at a post-entry step. TLM-deficient viral particles are unable to escape from the endosome into the cytosol whereas WT particles can partially and time-dependently escape. Proteolytic processing of the viral particle in the endosome induces the exposure of the TLMs on the surface of the viral particle, enabling translocation across the membrane into the cytoplasm. The unmasking or generation of entry-mediating sequences during a viral infection process is not unprecedented: Influenza virus homotrimers are assembled as hemagglutinin (HA) 0 precursors that display no fusogenic activity. Endolytic cleavage by a furin-like protease results in formation of HA1 and HA2. This cleavage step primes HA for fusion by liberating sequences in HA for fusion-related conformational changes (19, 20) . In the case of poliovirus, the interaction with the receptor results in externalization of the N-myristoylated VP4 peptide and exposure of amphipathic sequences of VP1 that can insert into membranes mediating entry in the cytoplasm (21, 22) .
In contrast to other enveloped viruses, the TLM-mediated escape from the endosome is not a fusogenic process. The difference from fusogenic mechanisms is that the TLM does not rest in the membrane at the end of the translocation process (14) (15) (16) . Therefore, it is likely that the cleaved surface protein remains associated with the nucleocapsid during escape from the endocytotic pathway. The surface protein processing in the endosome and the reducing conditions in the cytoplasm, which destroy disulfide bridges in the S-domain, affect the HBsAg-nucleocapsid interaction and allow removal of the envelope from the nucleocapsid.
Endosomal processing of HBV particles and subsequent infection of nonpermissive hepatoma cell lines demonstrate the potential of surface-exposed TLMs to translocate particles across membranes. Moreover, this experimental procedure can be used to investigate post-entry steps in HBV infection in immortalized hepatoma cell lines.
A previous report describing that HepG2 cells can be infected with very low efficiency by HBV particles after preincubation with V8 proteases (23) has to be reconsidered. It is conceivable that the specificity of V8 protease used in the study is not suitable to induce proper processing and unmasking of the TLMs. Unspecific or contaminating protease activity might have processed a small fraction of viral particles and generated unmasked TLMs.
Our data identify TLMs as conserved motifs of HBVs that are essential for infectivity and suggest an entry mechanism for these and possibly other enveloped viruses, as summarized in the following model (Fig. 5) : after receptor-mediated endocytosis of the viral particle and endocytic entry, proteolytic processing of surface proteins occurs, which results in unmasking of TLMs. For analysis of the infectivity, HBsAg-and HBcAg-specific antisera were used. Their antigen-specific binding was detected by secondary antibodies visualized by red and blue fluorescence, respectively. Actin filaments were stained by using FITC-conjugated phalloidine. Photographs were taken at ϫ200 and ϫ630 magnification. (B) Confocal microscopy of LMH cells infected with unprocessed DHBV particles or with processed WT DHBV, DH-BVD1͞2, and DHBVD2 particles that had been preincubated with endosomal lysates from LMH cells for 60 min. As a control, processing of WT DHBV was performed in the presence of a protease inhibitor mixture (Roche). The MGE in all cases was 10 3 . For analysis of the infectivity, a surface-specific serum visualized by the blue fluorescence was used. Photographs were taken at ϫ630 magnification.
Fig. 5.
Model of the endosomal processing of hepadnaviral particles. Hepadnaviruses are internalized by receptor-mediated endocytosis. In the endosomal compartment proteolytic cleavage of the surface protein occurs, resulting in a conformational change that exposes the TLMs (shown as red circles) on the surface of the viral particle. The high density of TLMs exposed on the surface of the particle allows endosomal escape into the cytosol to initiate infection.
